Novel microparticles based on chitosan and sodium alginate were prepared using emulsification and cross-linking technologies. The spherical microparticles had a porous surface and a diameter of 2 ∼ 40 µm. In simulated body fluid, these microparticles quickly swelled but gradually degraded. The results of the MTT assay revealed that a slight inhibition of cell proliferation was observed on day 2 and then gradually decreased afterward. No cell morphology changes were observed. By loading tranexamic acid, the hemostatic performance of the microparticles was obviously improved. Using fast-acting styptic powder (Flashclot) as the control, the hemostatic efficiency was investigated in rabbits using a liver transection bleeding model. It was found that both Flashclot and the microparticles achieved hemostasis in 3.07 ± 0.84 min and 2.48 ± 0.88 min, respectively; however, the tranexamic acid-loaded microparticles stopped the bleeding in 1.90 ± 0.75 min (P < 0.05). Additionally, Flashclot resulted in heat injury to the experimental livers, while the microparticles did not. Thus, with their biodegradability, safety, and superior hemostatic efficiency, tranexamic acid-loaded microparticles might be a promising new powdered hemostatic agent with a wide range of potential applications.
Introduction
Massive bleeding is the leading cause of shock and death in combat, transportation accidents, natural disasters, emergencies, and surgeries [1, 2] . The early identification and surgical control of hemorrhaging is the crucial first step in the management of an injured patient; however, this objective often remains challenging in the most critical trauma patients [3, 4] . In recent years, an abundance of local hemostatic agents have become commercially available, but most of them are effective only for mild to moderate bleeding. The rapid deployment hemostat (RDH) and the fibrin sealant dressing (FSD) are recognized for their effect in stopping massive vascular bleeding [5, 6] . However, the RDH has a complicated production process and unstable efficiency, and the FSD is expensive and has a risk of disease transmission because it is derived from plasma products obtained from pooled donors [7] .
Quickclot is a typical composite zeolite hemostatic material that was developed by Z-Medica in 2002 [8] . It was launched into the market with the approval of the US Food and Drug Administration, and has been used in Afghanistan and Iraq. It is superior to traditional hemostatic materials in terms of hemostatic efficiency and survival rate [9, 10] . As a powdery hemostatic agent, it can be applied to wounds of any shape and depth, which often cannot be reached by traditional hemostatic methods or bandages. Its convenience and ease of portability and storage also make Quickclot a very attractive alternative. On the other hand, one major issue with Quickclot is that heat is generated when absorbing water (reaching about 100
• C in a short time), which can lead to burns and injuries in peripheral skin, muscles, nerves, vessels, and tissues [11] . It has been reported that in the Iraq war, some wounded US patients had grade II burns because of application of Quickclot [12] . Therefore, in order to reduce heat generation, the dry powder must be removed and the wound washed with a larger than normal volume of water during debridement, which is often inconvenient for following treatments.
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This situation spurred the question of whether a powdery hemostatic agent could be prepared from biomaterials which could generate less heat when absorbing water. It is well known that polysaccharides, such as chitosan and alginate, are cost-effective, biodegradable, and biocompatible. Interestingly, chitosan has several biologic activities such as bacteriostasis [13] [14] [15] , promotion of wound healing [16, 17] , and haemostasis [18] [19] [20] , and sodium alginate has a very high water absorption rate [21] Additionally, they can be easily manipulated into microparticles [22] . In this study, the preparation of spherical microparticles with a porous surface based on sodium alginate and chitosan was examined. The morphology, water uptake ability, degradation behavior, and cytotoxicity of the microparticles were investigated. Further, in order to improve the hemostatic efficiency of the microparticles, a local hemostatic agent, tranexamic acid, was loaded into it. The drug-release ability and hemostatic performance of the tranexamic acid-loaded microparticles were evaluated to confirm the applicability of this microparticle as a powdery hemostatic agent.
Experimental

Materials.
The following materials were obtained from the indicated suppliers and used as received. Chitosan (MW 2.5 × 10 5 , 85% degree of deacetylation) was purchased from Kangduo Ocean Biomedical Co. Ltd (Taizhou, China). Sodium alginate (MW 4.2 × 10 6 ) was purchased from Qingdao Crystal Rock Biology Development Co. Ltd (China). RPMI-1640 culture medium and fetal calf serum were purchased from Hyclone (Utah, USA); trypsin, dimethylsulfoxide (DMSO), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from Sigma (USA). Cell culture cluster dishes (96 and 6 well plates) were purchased from Costar (USA). Flashclot was obtained from Honghua Pharmaceutical Co. Ltd (Shenzhen, China). All of the reagents and solvents used were of analytical grade and used without further purification. L929 mouse fibroblast cells were obtained from Shanghai Institute of Cell Biology, Chinese Academy of Sciences.
The preparation of simulated body fluid (SBF) was as follows [23] : 8.035 g of NaCl, 0.355 g of NaHCO 3 , 0.225 g of KCl, 0.231 g of K 2 HPO 4 ·3H 2 O, 0.311 g of MgCl 2 ·6H 2 O, 39 mL of 1.0 M HCl, 0.292 g of CaCl 2 , 0.072 g of Na 2 SO 4 , and 6.118 g of Tris were added to 900 mL of deionized water in a plastic beaker. After the pH value was adjusted to 7.45 with 1.0 M HCl, the solution was poured into a 1000 mL volumetric flask, and deionized water was added to a final volume of 1000 mL.
Fabrication of the Microparticles.
Alginate/chitosan microparticles were prepared using the methods of emulsification and crosslinking [24] . Briefly, a 3% (w/v) chitosan solution was prepared by dissolving chitosan in a 1.5% acetic acid aqueous solution. A 6% (w/v) alginate solution was prepared by dissolving alginate in deionized water. Following the mixing of both solutions, Tween 80 was added, and then the mixture was vigorously stirred to form a uniform white batter. The mixture was then added drop-wise to petroleum ether containing Span 80 and calcium chloride. The final ratio of alginate : chitosan : Tween 80 : Span 80 : calcium chloride was 3 : 3 : 2 : 2 : 1 (w/w/w/w/w), and the ratio of water : petroleum ether was 1 : 10. After stirring at 900 rpm for 2 h, the mixture was centrifuged at 4000 g for 20 min and washed with 50% (v/v) ethanol until no oil spill was observed in the supernatant liquid. After lyophilization, the microparticles were obtained in a yield of 80%.
2.3.
Characterization. The morphology of the microparticles was examined with scanning electron microscopy (SEM). The sample was coated with gold (ca. 50 nm in thickness) using a Hitachi coating unit (IB-2 coater) under high vacuum and then observed with TESCAN VEGA II SEM (Oxford) at an accelerating voltage of 20 kV. The size distribution of the microparticles was analyzed using a Rise-2000 Powder Diameter Analyzer (Runzhi Technology Co. Ltd, China) after the suspension of the microparticles in deionized water was sonicated for 60 s. The infrared (IR) spectra were recorded on a Varian 640 FT-IR spectrometer (American Perkin Elmer Co.). To exclude the influence of water, the samples and KBr were fully dried prior to submission of samples to FTIR analyses. The spectra were collected over the range of 4000-500 cm −1 .
Water Sorption Studies.
The water sorption capacity of the microparticles was investigated by soaking with SBF. After drying and carefully weighing the samples, they were immersed in 6-well culture plates containing 10 mL of SBF (pH 7.4) at room temperature. Subsequently, the samples were withdrawn from the solution after soaking for 2, 4, 6, 10, 20, 30, or 60 min and were placed on a glass plate which formed an angle of 45
• from level for 1 min to remove the redundant solution. The swelled samples were then weighed immediately. The water uptake ratio (WR) of the microparticles in SBF was calculated as follows: WR = ((W 1 − W 0 )/W 0 )× 100%, where W 1 denotes the weight of the test sample at a given time during swelling and W 0 is its initial weight. Three parallel replications were carried out, and the values were expressed as mean ± standard deviation.
In Vitro Degradation.
The in vitro degradations of the microparticles were also conducted in SBF. Before the experiments, the microparticles were sterilized using Co60 irradiation, and the SBF was filtered with a 0.22 µm sterile membrane. Then the preweighed test samples were incubated in 10 mL of SBF at 37
• C. At predetermined time intervals, the samples were taken out, washed with deionized water to remove any salt remaining on the surface, and freeze-dried to a constant weight for weight measurement. The weight loss ratios of the samples were calculated using the following equation: degradation rate (%) = (W before − W after )/W before × 100%, where W before and W after were the dry weights of the samples before and after degradation. The values were expressed as mean ± standard deviation (n = 3).
Cytotoxicity Study.
According to national criteria, the cytotoxicity of the composite microparticles was initially evaluated using the MTT assay [25] . Simply, 150 mg of microparticles were immersed in 7 mL of RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated fetal calf serum and 1% (v/v) penicillin-streptomycin (100 U/mL penicillin G and 100 µg/mL streptomycin) at room temperature for 24 h. After filtering with a 0.22 µm sterile membrane, the extract was immediately used for the MTT assay. There were three experimental groups: (1) the pure extract (100% concentration), (2) the extract diluted with an equal volume of culture medium (50% concentration), and (3) the pure culture medium (control group). The L929 cells were cultured for two days and then dissociated from the plate surface using 0.25% trypsin and transferred to the wells of 96-well culture plates at 5 × 10 3 cells/well. After the cells were cultured for 24 h at 37
• C, the culture medium was removed, and 100 µL of the medium with different concentrations of extract was added to the wells. Each group was added into eight wells. After 2, 4, and 7 days, the medium was aspirated and 20 µL of MTT stock solution (5 mg in 1 mL of PBS, pH 7.4) was added to each well. After 4 h of incubation, the medium was removed by aspiration, and 150 µL of DMSO was added to each well and the culture plates were rocked for 10 min. The absorbance of the sample at 492 nm was determined in a Multiskan Spectrum (Thermo) compared with a DMSO blank. The relative cell viability (%) related to the control was calculated
Cell morphology was also observed. The L929 cells were transferred to the wells of 6-well culture plates. After the cells were cultured with the extract (100% concentration) of the microparticles for 2, 4, and 7 days, the morphology of the L929 cells was observed with an inverted microscope (Olympus, CK40).
Tranexamic Acid Incorporation.
Tranexamic acid powder was dissolved in distilled water, which soaked all the microparticles and was completely absorbed by them. After lyophilization, the final powdery hemostatic agent was obtained containing 2% (w/w) tranexamic acid. Then, the microparticles and the tranexamic acid-loaded microparticles were sterilized by Co60 irradiation and were used in the hemostasis assay.
Tranexamic Acid Release Study.
The tranexamic acidloaded microparticles were immersed in PBS (pH 7.4) at 37
• C under gentle shaking. Next, 50 µL of solution was withdrawn from the test medium at fixed time intervals and the concentration of tranexamic acid was determined using a 1200 HPLC analyzer (Agilent, USA. 250 × 4.6 mm Zorbax 300 Extend-C18 column, 25
• C, mobile phase: 5% acetonitrile containing 0.1% tetrahydrofuran (THF), flowing rate: 1 mL/min, detected wavelength: 254 nm, sample size 1 µL). An equivalent volume of fresh PBS was added to the cells after each sampling to maintain a constant medium volume. Three parallel replicates of the tranexamic acid-loaded microparticles were carried out, and the values were expressed as mean ± standard deviation.
The tranexamic acid release experiment was also carried out in anticoagulated blood plasma. First, the anticoagulated blood was collected from the femoral artery of rabbits 5 min after the injection of heparin (300 u/kg). The red cells were then removed by centrifugation. Then, the tranexamic acid-loaded microparticles were incubated in anticoagulated blood plasma at 37
• C with gentle shaking; 200 µL of solution was withdrawn from the test medium at fixed time intervals, and 100 µL of 10% HClO 4 was added to the solution. Following centrifugation at 12000 rpm for 10 min, the concentration of tranexamic acid in supernatant was determined by HPLC as described above. Eighteen New Zealand white rabbits, weighing 2.5 ∼ 3.0 kg, both female and male, were fasted 12 h prior to the experiment with free access to water. On the day of the experiment, the rabbits were anaesthetized using intravenous sodium pentobarbital (50 mg/kg) and then strapped onto a surgical board. After the surgical area was shaved with an electric razor, surgical catheters were inserted into the right femoral arteries of the rabbits. The mean arterial pressure (MAP) was monitored from the cannulated femoral arteries during the surgery. Blood samples were collected from the femoral arteries before and after surgery. The red blood cell (RBC) count, hemoglobin concentration, white blood cell (WBC) count, and platelet count were measured with an XT-1800 auto hematology analyzer (Japan). The activated partial thromboplastin time (APTT) and prothrombin time (PT) were measured with a Beckman Coulter ACL TOP automated coagulation analyzer (USA). Then, a ventral midline incision (approximately 20 cm long) was made, and the liver was inspected. To create active bleeding injury, the anterior extremity of the right, left, and medial lobes of the liver were cut off with scissors, such that the lobar branches of the portal vein, hepatic vein, and hepatic artery were involved as proximally as possible. The liver injury in all animals was created by the same investigator for consistency. The bleeding livers were treated randomly with pre-weighed Flashclot (n = 6), microparticles (n = 6), or tranexamic acidloaded microparticles (n = 6), and followed by application of direct pressure immediately until the bleeding stopped. The weights of the exscinded liver anterior extremity were recorded. The bleeding time was defined as the time from the start of the application of the hemostatic agent to the bleeding surface to the time bleeding stopped completely. The blood in the abdominal cavity was collected with a preweighed cotton ball. After the bleeding completely stopped, shed blood embedded in the cotton ball and the dressings were collected and weighed to estimate total blood loss. The density of the blood was assumed to be equal to 1.0 g/cm 3 . The weight of the blood loss was determined according to the difference between the initial and the final weights of both the cotton ball and the dressings divided by the weight of the animals. Tissue sample was transected from the treated liver edge and preserved in 4% formalin for histology analysis (paraffin imbedding, HE staining). Surviving rabbits were humanely sacrificed.
Statistical Analysis.
All statistical evaluations were performed using SPSS software. Data were given as mean ± SD, and differences between groups were compared using a twotailed t-test. P <0.05 was considered significantly different.
Results
Preparation and Characterization of the Microparticles.
At first, in order to fabricate the microparticles through a simple procedure, the ionic gelation method was used as previously described in literature [22] . However the microparticles obtained using this method were flattened and leaf-shaped. The surface appeared smooth and slightly porous (Figure 1(c) ). On the contrary, through the technology of emulsification and cross-linking, the microparticles obtained possessed a porous surface. Observation under SEM found that the microparticles were spherical, with many micropores distributed over their surfaces (Figures 1(a) , 1(b)). Measurement with the powder size analyzer revealed that the microparticles' sizes were 2 ∼ 40 µm (Figure 2 ). The FTIR spectra are shown in Figure 3 . Compared to the IR spectra of pure chitosan (Figure 3(a) ) and pure alginate (Figure 3(b) ), most specific peaks of chitosan and alginate appeared in the spectrum of microparticles (Figure 3 was absent, which may be the result of the formation of -NH 3 + . However, the peak at 1421 cm −1 corresponding to the asymmetrical stretching of -COO − was still present. These changes in the IR spectra suggested that there were intermolecular interactions among chitosan and alginate by the electrostatic attraction. Figure 4 , the microparticles quickly swelled, and the water absorption ratio rapidly increased within the first 6 min. For example, after soaking for 2 min, the water uptake ratio of the microparticles quickly reached 2293%; then the water uptake ratio gradually increased with time and nearly reached saturation with a water uptake ratio of 2784% after half an hour. However, the water uptake ratio of the microparticles prepared using the gelation method was lower than 2000% (data not shown).
Water Absorption of the Powder. As shown in
In Vitro Degradation.
The percentage of weight loss of the microparticles as a function of degradation time is presented in Figure 5 . We observed that the weight loss was faster at the very beginning, and then the degradation ratio gradually increased with incubation time. After 4 weeks, the degradation ratios reached 40%.
Cytotoxicity.
The MTT assay result is shown in Figure 6 . Compared with the control group, during the initial period of cell culture, the 100% extract group and 50% extract group displayed a slight inhibition for cell proliferation with 78.1% and 86.1% cells viability, respectively. However, the inhibition faded with the extract concentration decrease and culture time extension. On day 7, the relative proliferation rate of the 100% extract group reached 100%. As shown in Figure 7 , the number of cells increased with culture time, but no other changes in morphology were observed. Figure 8 , the release of tranexamic acid from alginate/chitosan microparticles took the form of rapid burst release profiles in both systems. More than 64% of the initially loaded tranexamic acid was released in 1 min, and the release rate reached 88% after 3 min. The tranexamic acid was then slowly released during the subsequent time. Comparing curve A with curve B in Figure 8 , the release of tranexamic acid in anticoagulated blood plasma was slightly faster than that in the PBS solution.
Drug Release Study. As shown in
Hemostatic Test.
In the hemostatic study, Flashclot was used as the control. All 18 animals completed the study with no exclusions. No significant differences existed among groups for weights, pre-injury MAP, pre-injury blood loss, or the weights of transected livers. During the procedure, no hemodynamic changes were detected that could confound bleeding time (data not shown), and no any rabbit died.
Overall, as shown in Table 1 , no obvious diversity in the bleeding time was observed when the wounds were treated with Flashclot or microparticles (P > 0.05). However, the bleeding time of the tranexamic acid-loaded microparticle group was significantly shorter than that of the Flashclot group (P < 0.01) and the microparticle group (P < 0.05). No clear difference in the total blood loss was observed between the three groups. During the hemostatic procedure, as we treated the wound with Flashclot and applied a pressure on it, the Flashclot blended with the blood was so hot that we had to cover the Flashclot with several layers of gauzes, but we did not feel the heat when the wound was treated with microparticles. The histology evaluation is shown in Figure 9 . In FlashclotTM group, coagulative necrosis in superficial layer contacted with FlashclotTM, remarkable shrinkage and hepatic sinuses dilation in hepatic tissue were observed (Figure 9(b) ).
Discussion
In order to achieve satisfactory hemostatic efficiency, the selection of proper components for preparation of the powdery hemostatic agent is critical. In this study, we chose sodium alginate and chitosan as base materials, not only because they have good properties, such as biocompatibility and biodegradation, but also because they both have certain hemostatic abilities with different hemostatic mechanisms. Moreover, chitosan is a natural cationic polysaccharide polymer; the cationic nature and high charge density of chitosan in solution allows it to form stable ionic complexes with multivalent water-soluble anionic polymers under mild physiological conditions [22, 26] . Alginate is an anionic polysaccharide polymer that can form complexes with polycations such as calcium, chitosan, and polylysine [27, 28] .
The chitosan-alginate microparticles can be prepared using the gelation method or by emulsification and crosslinking technology. The driving force for the microparticle formation in the gelation method is the decrease in solubility. The mutual neutralization between oppositely charged alginate and chitosan decreases the solubility of the entire system. On the other hand, the guluronic acid moieties of alginate interact with calcium ions to form so-called "egg-box" structures, in which two adjacent macromolecules are linked by means of a physical bond [29] . However, in emulsification and cross-linking, the formation of chitosanalginate microspheres is mainly caused by the differences in their solubility in organic solvents and aqueous solutions.
Due to the porous structure, which can retain a significant amount of water within the pores, the water uptake ability of the microparticles prepared in this study was much better than that of the microparticles prepared by the gelation method.
The cytotoxicity of the microspheres was evaluated in L929 mouse fibroblast cells. As the main cellular components of connective tissues, fibroblast cells are widely used in cytotoxicity studies of biomaterials [30] . In order to avoid confounding factors resulting from the physical trauma of the microspheres, the extract dilution method was chosen over the direct exposure method [31] . We think that the inhibition of the extract on the cell proliferation during the initial period may be due to the leakage of micro-amounts of organic compounds which remained in the microsphere. However, owing to the promotion of cell proliferation by chitosan [32] , with the increase of culture time, the influence of micro-amounts organic compounds was counteracted, and the cells recovered gradually. Thus, the relative cell proliferation rate reached 100% in later periods of cell culture. The use of chitosan and sodium alginate carriers as drug delivery systems has gained wide interest [33] [34] [35] . Generally, drug release from carrier is affected by many factors, such as the properties of materials used in the carrier, preparation method of the carrier, and pH values and ionic strength of the release media. First, the drug-loaded particles were prepared by dissolved tranexamic acid in the chitosan/alginate colloidal solution. Then, the mixture was added drop-wise to petroleum, and with the formation of the particles, tranexamic acid was encapsulated in the particles. Interestingly, we found that most of the tranexamic acid was removed during the subsequent purification process. Therefore, we initially prepared porous composite particles with chitosan and sodium alginate, and then using physical absorption, the tranexamic acid was loaded on the composite particle.
Because the particles come in contact mainly with blood when applied to wounds, and the composition of blood can affect the release of tranexamic acid, we carried out the drug release tests in both PBS and anticoagulated blood plasma. The initial burst release clearly revealed that the tranexamic acid was absorbed mainly on the surface of the microspheres, and the porous structure of the particles facilitated the release of tranexamic acid. However, the burst release of tranexamic acid was exactly what we expected, because high doses of tranexamic acid are required in direct hemostatic application. Owing to the fact that the pH value of the PBS solution used in this study was almost equal to that of anticoagulated blood plasma (7.4), but the ionic strength of both systems was different, we attributed the diversity of tranexamic acid release in both systems to the ionic strength and the influence of proteins in the plasma. However, identifying the detailed mechanism behind this will require further research.
Flashclot is developed by the Honghua Pharmaceutical Co. Ltd and the Fourth Military Medical University. Because its hemostatic performance is similar to Quickclot, Flashclot is also defined as quick-acting styptic powder [36] . Flashclot is made of zeolite, which has a porous structure. In this paper, Flashclot was used as the control to evaluate the hemostatic performance of alginate/chitosan microspheres. As mentioned previously, the alginate/chitosan microparticles also have many small pores on their surfaces. When applied to wounds, the micropores can quickly absorb the water from blood and cause the aggregation of platelets, blood coagulation factors, fibrins, red blood cells, and blood clotting factors to the surface of particles to form a blood clot, and to seal the crevasse of blood vessels. In this study, unlike Flashclot, the alginate/chitosan microspheres did not generate heat when absorbing water from blood and did not result in reinjury of the treated liver.
In addition to the water absorbing ability of the micropores, the positive charge on the surface of chitosan can attract red blood cells and platelets and enhance the adhesion and aggregation of platelets, which results in the formation of a cell embolus or thrombus and promotes blood clotting. In turn, the increase of the local concentration of platelets, blood coagulation factors, and fibrin initiate and enhance the internal clotting mechanism [37, 38] .
In addition to the activation of the blood clotting system, it is well known that when the tissues of the endomembrane are exposed after the cutting of blood vessels, the fibrinolytic system is also activated. Unfortunately, the constructed thrombus can be dissolved over time. Tranexamic acid is a local hemostatic agent, which can inhibit the degradation of fibrin by inhibiting plasminogen activation which forms fibrinolytic enzymes. Thus, in this study, as the tranexamic acid-loaded composite particles were used on the wound, the porous composite particles enhanced the formation of the thrombus. In addition, the tranexamic acid released from the particles inhibited the degradation of the thrombus. Due to the synergistic effects of several hemostatic mechanisms, the tranexamic acid loaded composite particles exhibited an improved hemostatic efficiency.
Conclusions
In this study, a new kind of microparticle was prepared based on chitosan and sodium alginate and using emulsification and cross-linking. These spherical microparticles had a porous structure, confined size distribution, satisfactory water absorption, and acceptable biodegradability and safety. Through loading of a local hemostatic agent, tranexamic acid, the hemostatic performance of the microparticles was clearly improved. Importantly, the powdery hemostatic agent not only demonstrated good hemostatic performance and could be used in any wound with irregular depth or geometry, but also should not result in re-injury to the wounded tissues as Flashclot does. Furthermore, due to its biodegradability and safety, this agent could be used to treat intra-abdominal solid organ injuries as well as external wounds. In addition, the powder is ready and easy to use with minimal training, and it is lightweight and durable. Given these characteristics, the microparticles appear simple and effective for use as a hemostatic agent. However, further studies will be needed to understand the hemostatic efficiency of the microparticles in aortic bleeding and in coagulopathic subjects compared with many other currently available dreesings.
